Original research article BACKGROUND: Excessive reactive oxygen species generated in mitochondria has been implicated as a causal event in hypertensive cardiomyopathy. Multiple recent studies suggest that microRNAs (miRNAs) are able to translocate to mitochondria to modulate mitochondrial activities, but the medical significance of such a new miRNA function has remained unclear. Here, we characterized spontaneous hypertensive rats (SHRs) in comparison with Wistar rats, finding that micro RNA-21 (miR-21) was dramatically induced in SHRs relative to Wistar rats. We designed a series of experiments to determine whether miR-21 is involved in regulating reactive oxygen species generation in mitochondria, and if so, how induced miR-21 may either contribute to hypertensive cardiomyopathy or represent a compensatory response.
h ypertension has remained a major public health burden, because it is associated with considerable morbidity and mortality. 1 Patients with high blood pressure frequently show abnormalities in cardiac structure and function, including left ventricular hypertrophy, systolic/diastolic dysfunction, and, in many cases, heart failure. 2 Despite advances in developing antihypertensive therapies, the number of patients with uncontrolled hypertension continues to rise, thus stressing the importance of understanding the mechanisms underlying hypertension and hypertensive cardiomyopathy to develop new intervention strategies.
Recent studies have linked mutations in mitochondrial DNA (mtDNA) to hypertension, 3, 4 which has been attributed, at least in part, to increased reactive oxygen species (ROS) production. 5 In fact, elevated ROS has been implicated in diverse pathologies, such as heart failure, atherosclerosis, diabetes mellitus, chronic kidney disease, and cancer. However, most clinical trials of antioxidants (eg, vitamin E and vitamin C) on hypertension have met limited success. 6 The conundrum might result from inaccessibility of orally administered antioxidants to sources of free radicals, in particular, those generated by the mitochondria. 7 Recent results have also attributed angiotensin II-induced hypertension to increased mt-ROS. 8 Importantly, although inhibition of mt-ROS by MitoQ showed a measureable degree of benefit in reducing blood pressure and alleviating cardiac hypertrophy in spontaneous hypertensive rats (SHRs), 9 mitochondria-targeted antioxidants seem relatively inefficient in scavenging mt-ROS. 6 MicroRNAs (miRNAs) are a class of small (≈22 nt) noncoding RNAs that negatively regulate gene expression at posttranscriptional levels. 10 Interestingly, recent data suggest that miRNAs also may regulate gene expression in a positive fashion. 11, 12 Early studies have linked altered miRNA expression to hypertension, atherosclerosis, arrhythmia, and fibrosis. 13 A recent study indicates that stress-induced nuclear miR-181c compromises mitochondrial translation, leading to defective mitochondrial electron transport chain (ETC) function and increased mt-ROS. 14 However, the functional consequences have not yet been linked directly to the action of this miRNA within the mitochondria. Interestingly, another recent report demonstrates that miR-1, a miRNA specifically induced during myogenesis, is not only efficiently targeted to mitochondria, but is also able to enhance mitochondrial translation directly. 15 These studies have thus raised a new regulatory paradigm for miRNAs to function in mitochondria.
The ETC complexes are well known to be the major source of mt-ROS. 16 Previous studies have focused on nuclear-encoded subunits of the ETC and their contributions to mt-ROS production in the SHR model. 17, 18 Because mutations in mtDNA have been linked to essential hypertension, we hypothesized that altered expression of mtDNA-encoded proteins might be causal to initiation and progression of hypertension. In the present study, we identified downregulation of mtDNA-encoded cytochrome b (mt-Cytb) in SHRs, which seems to contribute directly to increased mt-ROS. We found that miRNA-21 (miR-21), a key miRNA induced in SHRs, is able to translocate into mitochondria to counteract mt-Cytb downregulation, and strikingly, we showed that exogenous miR-21 delivered by recombinant adeno-associated virus (rAAV) was sufficient to lower blood pressure in the SHR model, suggesting a new therapeutic strategy against hypertension.
MethODs
All animal studies were conducted with the approval of the Animal Research Committee of Tongji Medical College, and in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Patients and controls were enrolled in accordance with the Declaration of Helsinki and approved by the Ethics Committee of Tongji Hospital. Blood samples were collected via venous puncture after obtaining written informed consent. Expanded versions of Methods, including list of antibodies (online-only Data Supplement Table I ) and a list of polymerase chain reaction (PCR) primers (online-only Data Supplement Table II) , are presented in the online-only Data Supplement.
Mitochondria isolation
Mitochondria were isolated by using the MACS Mitochondria Extraction Kit from Miltenyi Biotec GmbH as described. 19 In brief, cells were lysed, and mitochondria were magnetically captured with anti-TOM22 antibody-coated beads, and eluted mitochondria were collected by centrifugation at 13 000g for 2 minutes at 4°C. 
Quantification of rOs Production
The oxidative fluorescent dye, dihydroethidium (DHE; Invitrogen) was applied to frozen, 7-μm sections from various organs at 40 μmol for 30 minutes. Fluorescence intensity was measured under a Nikon DXM1200 fluorescence microscope and images were analyzed with the Image-Pro software (Media Cybernetics). mt-ROS was measured with MitoSOX Red (Invitrogen) on live cells, as described. 20 In brief, cells were washed 3 times with phosphate-buffered saline. MitoSOX Red (diluted to a final concentration of 5 µmol/L) was added to the media and incubated for 30 minutes at 37°C in the dark. After incubation, cells were trypsinized and washed with ice-cold phosphate-buffered saline 3 times. mt-ROS was quantified by flow cytometry (BD Biosciences) with 510 nm excitation/580 nm emission filters. Total ROS was quantified by using 2,7-dichlorodihydrofluorescein diacetate (Invitrogen), as described. 21 
Quantification of the copy number of mir-21 and cytb in the Mitochondria
To quantify the levels of Cytb mRNA in the mitochondria, total mitochondrial RNA was reverse transcribed to cDNA. A standard curve was generated by quantitative PCR using serially diluted Cytb DNA, which was used to determine the absolute levels of Cytb. miR-21 was similarly quantified in the mitochondria based on a standard curve generated with serially diluted miR-21 (Riobio Co., Ltd). Quantitative analysis of miR-21 in purified mitochondria from cells and tissues was according to the published procedure. 15, 22 
Polysome analysis
Mitochondrial polysome profiling on sucrose gradient was performed as described previously. 15, 23 In brief, mitochondria purified from H9c2 cells were suspended in the lysis buffer on ice for 20 minutes. The lysate was centrifuged at 9000g for 30 minutes to remove particles, loaded on a 10% to 30% sucrose gradient, and centrifuged at 180 000g for 260 minutes in Beckman SW41-Ti rotor. After centrifugation, 13 fractions were collected for RNA and protein analysis. Purified mitochondria were free of cytoplasmic ribosomes, as indicated by the lack of representative cytoplasmic ribosomal proteins (RPS3 and RPL4) in Western blots. Representative mitochondrial ribosomal proteins (MRPS27 and MRPL45) on individual gradient fractions were detected by Western blotting and specific rRNA, mRNA, and miRNA transcripts were quantified by real-time PCR. The assignment of small and large ribosomal subunits, monosomes, and putative polysomes was based on the distribution of both rRNAs and ribosomal proteins and comparison with published mitochondrial polysome profiles. To characterize putative polysomes, the lysate was treated with 5 U/mL RNase I for 40 minutes at 25°C to convert polysome to monosome. The relative abundance of individual transcripts in each fraction was presented as the percentage of the total fraction. application of raaV to animals rAAVs (type 9) containing miR-21, mut-miR-21, anti-miR-21, mut-anti-miR-21, or green fluorescent protein (GFP) were prepared by triple plasmid cotransfection in HEK293T cells, as previously described. 24 Detail information is provided in the online-only Data Supplement Expanded Methods. 
statistical analysis
Data were presented as mean±standard error of the mean (n noted in specific figure legends). Student t tests and analysis of variance with Bonferroni post hoc analysis were performed to determine statistical significance between different treatment groups. The data of blood pressure in rats over the time course were statistically analyzed by repeated measures analysis of variance. To assess the significance of the correlations, A, Sequence alignment of miR-21 on the Cytb mRNA from different organisms. Extensive base pairings are evident both at the 5′ seed and the 3′ region of miR-21. B, miR-21 levels in purified mitochondria for SHR and Wistar hearts. n=3, results from Wistar rats were set to 1, *P<0.05. C, Real-time PCR analysis of mitochondrial Cytb mRNA and cytoplasmic GAPDH mRNA in purified mitochondria. D and E, miR-21 levels in the cytosol and mitochondria of transfected H9c2 cells. n=3, results from control cytosol were set to 1. F and G, Effects of transfected miR-21 on mitochondrial subunits at the protein levels. n=3, results from control were set to 1, *P<0.05. H, Effects of miR-21 on mitochondrial subunits at the mRNA levels. n=3, results from control were set to 1. mt indicates mitochondrial; RT-PCR, real-time polymerase chain reaction; and SHR, spontaneous hypertensive rat.
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Spearman rank correlation coefficient was calculated. In all cases, statistical significance was defined as P<0.05.
resUlts

Downregulation of Mitochondrial cytb linked to increased rOs Production in shr heart
We performed hematoxylin and eosin staining to detect gross morphological changes and Sirius red staining to detect fibrosis in various organs of SHRs at the age of 9 months. In comparison with other organs, we observed significant hypertrophy and fibrosis in the heart of SHRs ( Figure 1A and 1B). We therefore focused on cardiac damage in SHRs.
We detected total superoxide and substantially increased ROS in frozen heart sections of SHRs in comparison with Wistar controls ( Figure 1C ). We next measured the expression of several representative proteins of the ETC by Western blotting, and consistent with earlier reports, 17, 18 we found significant upregulation of nuclear genome (nDNA)-encoded NDUFA10 (subunit of ETC I) and UQCRC1 (subunit of ETC III) ( Figure 1D and 1E). Interestingly, we also detected a significant decrease of mtDNA-encoded ND1 (subunit of ETC I) and Cytb (subunit of ETC III) in SHR hearts relative to controls, whereas COI (subunit of ETC IV) remained unaltered ( Figure 1D and 1E). These data suggest a compromised coordination of nDNA-and mtDNA-encoded ETC components in the heart of SHRs.
By measuring ROS production in other organs, we also found increased ROS in liver, kidney, and aorta of SHRs than in Wistar controls (online-only Data Supplement Figure IA ). We also detected decreased expression of Cytb in both liver and kidney in SHRs relative to Wistar controls (online-only Data Supplement Figure IB through II).
Based on the demonstrated ability of exogenous small interfering RNAs (siRNAs) to target mtDNA-encoded transcripts in the mitochondria (X. Zhang and X.-D. Fu, unpublished results, 2016), we explored the use of specific siRNAs against mtDNA-encoded Cytb, ND1, and COI to determine their contributions to ROS production in H9c2 cells, a rat cell line derived from embryonic heart tissue. We found that each siRNA treatment led to specific downregulation of their mitochondrial targets at both the mRNA ( Figure 1F ) and protein ( Figure 1G and 1H) levels. Interestingly, siCytb specifically caused elevated ROS in comparison with siND1 and siCOI ( Figure 1I ), which is evident from quantified results ( Figure 1J 
identification of mir-21 involved in the regulation of cytb expression
Given the recently reported roles of miRNAs in mitochondria, we tested the hypothesis that Cytb downregulation might be mediated by a specific miRNA in SHRs. We thus used RNAhybrid software 25 to search for potential miRNAs that may specifically target the Cytb transcript. This led to the identification of miR-21, which showed the potential to target Cytb mRNA in a highly conserved region among human, rat, and mouse ( Figure 2A ). More importantly, we found that miR-21 was overexpressed in the mitochondria of SHR hearts ( Figure 2B and onlineonly Data Supplement Figure IIA ), which might be responsible for causing Cytb downregulation.
To determine the potential effect of miR-21 on Cytb expression, we transfected a miR-21 mimic into H9c2 cells. To demonstrate that transfected miR-21 mimic entered the mitochondria, we used anti-TOM22-coated microbeads to purify the mitochondria from transfected cells, showing no measurable contamination of cytoplasmic GAPDH mRNA in our preparation ( Figure 2C ). We next quantified miR-21 in both cytosol and purified mitochondria from transfected cells, detecting transfected miR-21 in the mitochondria ( Figure 2D ). By transfecting a miR-21 inhibitor into the cell, we detected decreased miR-21 in both cytosol and purified mitochondria (Figure 2E) . We made similar observations on both HK2 and HEK293 cells (online-only Data Supplement Figure IIB through IIE).
Contrary to our expectation, we detected a specific increase in the Cytb protein level in miR-21 mimic-transfected H9c2 cells ( Figure 2F ). Quantitative analysis based on triplicated experiments demonstrated increased Cytb protein without change at the mRNA level ( Figure 2G and 2H). The effect was specific, because other subunits of the ETC were unaffected ( Figure 2F through 2H). We did not observe the converse effect with the miR-21 inhibitor on the expression of the Cytb protein in transfected H9c2 cells ( Figure 2F and 2G), indicating the limited abundance of endogenous miR-21 in the mitochondria of H9c2 cells, which we confirmed by measuring the ratio of miR-21 molecules per Cytb transcript in the mitochondria, showing insignificant amounts of miR-21 in untransfected cells ( Table 1) . We made similar observations on multiple other cell types, including HK2, HEK293, and HUVEC cells (online-only Data Supplement Figure role of miR-1 in mitochondrial translation, 15 and suggest a protective role of induced miR-21 as part of the compensatory program in SHRs.
Mir-21 Directly enhanced cytb mrna translation in the Mitochondria
To pursue the mechanism underlying miR-21 enhanced mitochondrial translation, we performed RNA coimmunoprecipitation with anti-Ago2, which has been previously shown to have a fraction localized in the mitochondria. 15 We found that Ago2 showed increased association with the Cytb mRNA after miR-21 transfection ( Figure 3A) , consistent with miR-21-guided targeting of the microRNA machinery to Cytb.
To determine how miR-21 might enhance the expression of Cytb at the protein level, we performed polysome analysis, a gold standard for studying translation. We characterized the 10% to 30% sucrose gradient fraction by showing the distribution of representative small and large mitochondrial ribosomal proteins (MRPS27 and MRPL45) and 12S and 16S rRNAs, as well, in the expected fractions ( Figure 3B ), as reported in the literature. 15, 23 We detected no contamination of cytoplasmic ribosomes based on immunoblotting for 18S and 28S ribosomal proteins RPL4 and RPS3, respectively, in our gradient fractions. We further showed that the putative polysome fractions near the bottom of the gradient (fractions 12 and 13) could be converted to monosome by RNase I treatment ( Figure 3B ). Significantly, by real-time quantitative PCR, we detected increased Cytb mRNA in the putative polysome fractions (fractions 12 and 13) in response to transfected miR-21 mimic ( Figure 3C ) in comparison with the internal CO1 mRNA control (Figure 3D and 3E) . These data suggest that miR-21 directly enhanced Cytb mRNA translation in mitochondria.
To rigorously rule out indirect effects of the miR-21 mimic via cytoplasmic targets, we performed a diagnostic analysis on the differential requirement for the Ago2 cofactor GW182, which is required for miRNA effects in the cytoplasm, 26 but not in mitochondria. 18 As expected, GW182 knockdown prevented miR-21-mediated translational repression of its cytoplasmic target PTEN (Figure 3F through 3H) . 27 Under these conditions, GW182 RNAi-treated H9c2 cells continued to show enhanced Cytb translation by the miR-21 mimic (Figure 3F 
ability of transfected mir-21 Mimic to Quench rOs
To determine the functional consequence of the transfected miR-21 mimic, we used MitoSOX Red to monitor mitochondrial ROS production. This reagent rapidly and selectively targets mitochondria in live cells, which can be oxidized by superoxide but not by other ROS-or reactive nitrogen species-generating systems. We found that the transfected miR-21 mimic had no significant impact on mt-ROS in H9c2 cells ( Figure 4A Figure 4B ). Under these conditions, we found that the transfected miR-21 mimic was able to suppress siCytb-induced, but not antimycin A-elevated, mt-ROS ( Figure 4C and 4D) .
These data indicated that the protective effect conferred by miR-21 via increased Cytb was dependent on electron transfer at ETC III, suggesting that the unbalanced composition in the ETC III complex interfered with its normal function, leading to increased mt-ROS. Total ROS detected by 2,7-dichlorodihydrofluorescein diacetate showed a similar trend as mt-ROS under similar conditions ( Figure 4E and 4F) . We obtained the same results in HK2 and HEK293 cells (online-only Data Supplement Figure IVC through IVF). We further confirmed that miR-21 was able to counteract siCytb-induced mt-ROS by upregulating Cytb at the protein level ( Figure 4G and 4H) . Together, these data support a model in which increased mt-ROS is induced by siCytb and suppressed by miR-21 ( Figure 4I ).
Blood Pressure reduction by short-term raaVmir-21 treatment
To investigate the functional relevance of our molecular findings, we characterized clinical characteristics among patients with hypertension in comparison with control subjects (online-only Data Supplement Table III ). With the exception of blood pressure, there were no significant differences in age, sex, body mass index, levels of fasting glucose and lipids, and other biochemical parameters among the 2 comparison groups. However, hypertensive patients showed significantly higher levels of circulating miR-21 than healthy controls ( Figure 5A ). We thus further investigated the relationship between plasma miR-21 concentrations and blood pressure lev-els among all participants, finding that the plasma levels of miR-21 were correlated positively with the levels of either systolic or diastolic blood pressure ( Figure 5B and 5C). These findings suggest a potential role of increased miR-21 as part of the compensatory program in hypertensive patients in light of our findings in SHRs.
We next used the SHR model to determine whether miR-21 could reduce blood pressure and alleviate car- ORIGINAL RESEARCH ARTICLE 743 diac hypertrophy by using rAAV to deliver miR-21 into the animal. We first monitored potential short-term effects of miR-21 treatment on blood pressure and cardiac hypertrophy. Eight-week-old male SHRs were divided into 6 groups (n=10 in each), each treated with NS (control saline), rAAV-GFP, rAAV-miR-21, rAAV-mut-miR-21, rAAVanti-miR-21, or rAAV-mut-anti-miR-21 for 4 weeks. The blood pressure among various groups of SHRs showed no significant differences before rAAV delivery (Figure 5D ). After 1 month treatment, rAAV-miR-21 significantly reduced systolic blood pressure measured either by tail-cuff or hemodynamic detection in SHRs, and, in contrast, rAAV-anti-miR-21 showed no obvious effect ( Figure 5E and 5F ). We confirmed increased miR-21 in hearts of rAAV-miR-21-treated SHRs by real-time PCR ( Figure 5G ), and upregulated Cytb by Western blot (Figure 5H through  5K) . Importantly, DHE detected decreased ROS only in rAAV-miR-21-treated SHRs (Figure 5L and 5M) . We observed no significant difference in cardiac function and morphology among various groups of SHRs (Table 2 and Figure 5N and 5O) .
To search for potential organs that may contribute to elevated blood pressure, we examined several organs, particularly liver and kidney, the latter of which has recently been linked to hypertension. 28, 29 Although lung is known to contribute to pulmonary hypertension, we did not detect any differences in morphology, miR-21 levels, and expression of representative nDNA-and mtDNA-encoded mitochondrial proteins between Wis-tar and SHR (online-only Data Supplement Figure V) . We thus excluded lung from further analysis. Strikingly, we detected increased miR-21, elevated Cytb protein, and decreased ROS in liver and kidney, but not aorta, in rAAV-miR-21-treated SHRs (Figure 6A through 6I) . Somewhat unexpectedly, we did not detect the effect of miR-21 inhibitor in increasing the blood pressure in SHRs as anticipated by inhibiting the compensatory program, despite the ability of rAAV-anti-miR-21 to decrease the expression of miR-21 in various organs (Figure 6A and 6B) .
Together, our data indicate that exogenous miR-21 is able to counteract the disease state, but reduction of endogenous miR-21 by antagomir is insufficient to alter the phenotype in the established disease state, at least in the treatment window we studied (see further in Discussion). We next measured the effects of chronic miR-21 treatment on blood pressure and cardiac hypertrophy. Eightweek-old male SHRs were divided into 3 groups (n=5 in each), each treated with rAAV-GFP, rAAV-miR-21, and rAAV-mut-miR-21 for 28 weeks. We found that rAAV-miR-21, but not rAAV-GFP or rAAV-mut-miR-21, could indeed significantly lower systolic blood pressure in SHRs ( Figure 7A ). We achieved ≈20 mm Hg reduction in blood pressure after 4 weeks of rAAV-miR-21 treatment, which was maintained throughout the remaining study period ( Figure 7A ). By week 36, hemodynamic variables of SHRs were measured by a catheter tip manometer advanced from the right carotid artery into the left ventricle. We found that rAAV-miR-21 was still able to reduce peak systolic blood pressure significantly in SHRs ( Figure 7B ). We further characterized hemodynamic and echocardiographic variables in the SHR model. Although we found no difference in cardiac performance (dp/dt max and dp/dt min ) among 3 rAAV treatment groups, the interventricular septum thickness in end-diastolic and end-systolic of the left ventricle decreased significantly in SHRs treated with rAAV-miR-21, but not rAAV-mut-miR-21 (Table 3 ). Neither body weight (data not shown) nor heart rate was affected, but cardiac mass index was clearly reduced in SHRs treated with rAAV-miR-21 ( Figure 7C ).
Hematoxylin and eosin staining of myocardial tissue sections showed that rAAV-miR-21 treatment significantly reduced the size of the cardiac myocytes in SHRs ( Figure 7D and 7E ). Furthermore, microscopic analysis after Sirius red staining to detect myocardial fibrosis and matrix proliferation showed that the red-stained area of cardiac tissues was significantly decreased in rAAV-miR-21-treated animals in comparison with other groups (Figure 7D and 7F) . We also performed DHE staining and Western blotting, observing decreased levels of ROS ( Figure 7D and 7G) . Consistently, brain natriuretic peptide, an indicator for cardiac hypertrophy, was significantly reduced in SHRs treated with rAAV-miR-21 ( Figure 7H ). Real-time PCR revealed increased miR-21 both in the cytosol and mitochondria (online-only Data Supplement Figure VIA and VIB) , and Western blot showed increased Cytb protein in the heart of rAAV-miR-21-treated SHRs (Figure 7I and 7J) . Among other organs, we found that the expression of miR-21 and Cytb were also increased only in liver and kidney, which was accompanied with decreased ROS (online-only Data Supplement Figure VIC through VIO) . Together, these data demonstrated significant benefits of in vivo delivered miR-21 in the improvement of pathophysiology of this hypertensive animal model.
DiscUssiOn
In the present study, we observed downregulation of the mitochondrial genome-encoded Cytb in SHRs, which appears to directly contribute to increased mt-ROS. We found that miR-21 was able to translocate into the mitochondria to counteract mt-Cytb downregulation, likely as part of the compensatory program to hypertension. Strikingly, we showed that delivery of exogenous miR-21 by rAAV9 was sufficient to lower blood pressure in the SHR model, suggesting a new therapeutic strategy against hypertension. In the cardiovascular system, complex I and complex III of the ETC are the major sites for ROS production. 30, 31 In fact, multiple studies suggest that complex III Data were presented as mean±SEM, n=10. dp/dt max indicates peak instantaneous rate of left ventricular pressure increase; dp/dt min , peak instantaneous rate of left ventricular pressure increase decline; EF, ejection fraction of left ventricular; GFP, green fluorescent protein; HR, heart rate; IVSTd, interventricular septum thickness in end-diastolic of left ventricle; IVSTs, interventricular septum thickness in end-systolic of left ventricular; miR-21, microRNA-21; mut, mutation; NS, control saline; Pes, end systolic pressure; rAAV, recombinant adeno-associated virus; SEM, standard error of the mean; and SHR, spontaneous hypertensive rat. *P<0.05 versus Wistar control. †P<0.05 versus SHRs treated with NS. Figure 6 . effects of short-term raaV-mir-21 treatments in various organs of shrs.
A through D, miR-21 levels in liver, kidney, aorta, and brain of various groups, results from Wistar rats were set to 1. E through H, Western blot analysis of Cytb protein in liver, kidney, aorta, and brain of various groups. I, ROS detected by DHE probe in liver, kidney, aorta, and brain of various groups. All data were presented as mean±SEM, n=5. *P<0.05. (Continued ) is more important than complex I in generating mt-ROS in the heart. [31] [32] [33] Consistent with these reports, we found that siRNA-mediated silencing of Cytb, which is the only mtDNA-encoded subunit of complex III, caused elevated ROS. In contrast, siRNAs against ND1 (complex I) and COI (complex IV) did not elevate ROS. Given that previous studies failed to induce ROS by downregulating nuclear genome-encoded subunits of complex III, 34, 35 our data suggest a more crucial role for the mtDNA-encoded subunit in dictating the functional state of ETC III in mitochondria. It has been widely accepted that miRNAs negatively regulate gene expression at the posttranscriptional levels in the cytoplasm. 36 Considering the fact that miR-21 was upregulated, we initially thought that such induced miR-21 might positively contribute to hypertension in the SHR model. Unexpectedly, our data suggest that miR-21 is part of the compensatory program to counteract Cytb downregulation by enhancing Cytb translation in mitochondria. Notably, these data are consistent with the recent report by Zhang et al, 15 showing miR-1 enhanced mitochondrial translation during C2C12 differentiation. This study also established the requirement for GW182 in the negative effects of microRNA in the cytoplasm, but not for their positive effects in mitochondria, which indicates direct microRNA actions in mitochondria. Using this criterion, we showed that miR-21 directly acts on Cytb to enhance its translation in mitochondria.
It has been reported previously that both damaged and enhanced respiratory chain activities are able to induce considerable amounts of ROS. 37, 38 Similarly, we showed that only when the respiratory chain is in its normal state, ROS production is set at its lowest point (maintained at physiological level). Hypertension decreased Cytb expression, impaired ETC III complex function, and increased electron leakage, which eventually led to elevated ROS production. In accordance, miR-21 restored Cytb to normal levels, thus decreasing ROS. Consistent with our findings, it has been reported in human coronary arterioles cells that both catalase and gp-91ds-tat inhibited bradykinin-induced ROS, but showed no effect on ROS under normal conditions. 39 Overall, various compensatory mechanisms may help maintain ROS under normal physiological conditions, but, under certain pathophysiologic conditions, such a homeostatic program may be compromised, leading to elevated ROS production.
Strikingly, we found that exogenous miR-21 delivered by rAAV was sufficient to lower blood pressure in the SHR model. We note a previous report by Kaeppel et al 40 suggesting the ability of rAAV to integrate into mtDNA directly. Whether rAAV was inserted into the mitochon- drial genome along with miR-21 in our system remains to be investigated. A concern regarding viral vectors is their potential toxicity. To address this, we measured liver function, kidney function, and the morphology of the liver and kidney at the end of the experiment (onlineonly Data Supplement Figure VII) . Our results showed no evidence for liver and kidney toxicity, which implies that the rAAV9 was nontoxic, although we could not completely rule out potential off-target effects of rAAV in the current study. miR-21 has been extensively studied in cardiovascular diseases. Consistent with our findings, miR-21 has been reported to have a protective role in ischemia/reperfusion by reducing cardiomyocyte apoptosis through targeting the PDCD4 mRNA. 41 Furthermore, in vivo silencing of miR-21 using a specific antagomir has been found to reduce cardiac fibrosis and cardiac dysfunction in pressure-overloaded heart. 42 Our present work demonstrated that miR-21 delivered by rAAV9, which is predominantly expressed in cardiomyocytes rather than cardiac fibroblasts, 43,44 not only reduced hypertension, but also improved hypertensive hypertrophy and cardiac fibrosis in SHRs. It is important to point out that, besides cardiomyocytes, rAAV-delivered miR-21 also targets other organs, such as kidney and liver, which may collectively contribute to the observed reduction of blood pressure, consistent with a recent report linking kidney to hypertension. 28, 29 Importantly, our data showed that rAAV did not infect the aorta, implying that the inhibition of ROS production in the aorta may be a consequence, but not a cause of lowered blood pressure. These possibilities are intriguing subjects for future studies to understand complex and coordinated regulation of hypertension in mammals.
Another interesting issue is that a miR-21 mimic could induce Cytb, but miR-21 inhibitor showed no effect both in vitro and in vivo. This is likely because of the low abundance of miR-21 in the mitochondria under normal physiological conditions, as observed earlier. 45 Even under pathologic conditions, we did not record the effect of miR-21 inhibitor on exacerbating the hypertensive phenotype. We reason that induced miR-21 is likely part of the compensatory program, but the endogenous miR-21, although clearly induced in SHRs, may not have reached a sufficient threshold to antagonize an already established disease state in the animal model. Consequently, the miR-21 inhibitor showed no measurable effect in worsening the disease phenotype. In addition, lowering miR-21 may require extended periods of time to alter the disease state to a measurable degree. It also is possible that induced miR-21 is only part of the proposed compensatory program in SHRs such that inhibition of miR-21 alone was insufficient to alter the program.
In summary, our findings reveal a positive function of miR-21 in mitochondrial translation, and its systemic delivery to animals is sufficient to reduce blood pressure and suppress cardiac hypertrophy in SHRs. These observations provide a theoretical basis for developing miRNA-based therapeutics against hypertension and associated diseases.
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